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INTRO DUCT ION
Organophosphorus compounds are one of the most important

classes of chemical compounds found in plant and animal systems.

They exist primarily as phosphate esters which are characterized

by a phosphorus atom double bonded to an oxygen atom and single

bonded to three other ligands through oxygen atoms.
As adenosine triphosphate or ATP,

Figure 1
organophosphates function as energy storage and transfer agents. 1
Virtually all of biochemical energetics requires the synthesis

and use of this compound.

Deoxyribonucleic acid or DNA, is a polymeric diester of

phosphoric acid.

These organophosphates are the key ingredients

in polypeptide or protein synthesis.

They also contain the

2

genetic code which controls the biochemical processes within cells.
With slight modifications in their chemical structure,

organophosphate esters and their derivatives can be extremely

toxic, and act as enzyme inhibitors.

They mask the active site

on the enzyme causing it to function improperly.

It is for this

reason that certain organophosphates can function as war gases
or pesticides.

Two of the most common pesticides are provided

as examples, Figure 2.

Malathion

Diazinon
Figure 2

Organophosphates are also used as additives to industrial

building materials, increasing the fire and flame retardant prop

erties of the materials .

It is because of the importance to life and its functions

that man has chosen to learn more about phosphorus compounds.

Phosphate esters have been the subject of investigation for many

years.

The reactivity of these molecules is masked by countless

3

exceptions.

The mechanisms by which phosphate esters undergo

chemical reactions are not well understood.

There has been much work suggesting possible mechanisms

for reactions of phosphate esters.

Perhaps, the most intensely

studied and most important of these reactions is nucleophilic
substitution at phosphorus.

I t is of interest, that the results

regarding the mechanisms for substitution at phosphorus are

It is theorized that these substitutions take one of two

varied.

directions, a stepwise associative or a unimolecular dissociative
pathway.

Associative:
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Chemists are greatly interested in these possibilities due to

their importance and bearing on biological systems .

Associative type mechanisms have been studied in depth

and have been characterized for many years.

The conclusions sur

rounding these mechanisms are accepted as fact.

The dissociative

type, however, has been the subject of far more controversy.

It

is because these dissociative mechanisms most closely exemplify

those of biological systems that they have come under constant
scrutiny.

Most typical of these biologically related dissociative

mechanisms is the loss of inorganic phosphate from ATP to form

adenosine diphosphate or ADP.
0 0 0
II
11
II
Ad-O-P-O-P-0-P-OH
I
I
I
OH OH OH

0

)

0

Ad-0-P-O-P-O + Pi
I
t
OH OH
ti

II

Figure 5
Our objective is to find an acceptable system in which we

can attempt to observe a dissociative mechanism.

The desired

system would be one in which the phosphate ester derivative could

be easily dissociated .

From the observed reactivities of ATP and

certain phosphate derivatives of phenyl, 4-nitrophenyl, and 2, 4-

dinitrophenyl, the 2, 4-dinitrophenyl phosphate system most closely
represents that of ATP. 2

5

In detail, the mechanism might proceed through a ''phospha

cylium ion-like" intermediate.

That is, the 2, 4-dinitrophenyl

phosphate dissociates to give the phosphacylium ion prior to under
going nucleophilic substitution at phosphorus.

Figure 6
Prior to this work, no strong evidence existed which un

equivocably proved the existence of phosphacylium ions as inter
mediates in reactions of this type.

It is the object of this

study to look into nucleophilic substitution at phosphorus, and

the intermediates of these possible dissociative type reactions.

HIST R I CAL
O
Acylium ions have been recognized as intermedfates in

certain organic reactions for many years.

They exist as a posi

tively charged species with, in valence terminology, the charge

distributed between carbon and oxygen.

Figure 7
Due to the highly electronegative nature of oxygen, the positive

charge is assumed to exist primarily on carbon.

have been detected by cryoscopic methods.

Acylium ions

Classical studies have

shown that ortho substituted benzoic acid when dissolved in sul
furic acid produces the ion_ 3, 4, 5

Figure 8
In Fridel-Craft acylations the acylium ion is recognized

as an intermediate.

With the addition of aluminum chloride to

certain acyl halides, the ion is generated, which in turn undergoes

7

electrophilic substitution. 6

Figure 9
The phosphorus counterpart or phosphacylium ion is the

species in which we are interested.

It can be thought to arise

from the removal of a hydroxy group from a dialkyl phosphate.

(R0}2�-0H

-O H )

(R0)2�=0
Figure 10

As with acylium ions, questions arise with regard to the

geometry of the intermediate.

for the geometries of the ions.

Three distinct possibilities exist
The first of these possibilities

is one in which the geometry of the cation is retained.

Reaction

products, such as those resulting from nucleophilic substitution,

would have the same geometry as the starting material .

reactions are said to occur stereospecifically .

These

The leaving

group is replaced by the nucleophile with the absolute configuration

8

about the central atom retained.
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The second possibility is a geometry in which the config

uration attains planarity.

In this case the cation gives, by

nucleophilic substitution, a mixture of products.

phile could attack from either side.

The nucleo

The mixture of products may

be nearly equal or quite different depending on thermodynamic and
kinetic parameters.
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A third and final possibility would be a geometry· in which

there is an equilibrium mixture of intermediates, allowing the
nucleophile to attack again from either side.

This type of reac

tion is said to occur non-stereospecifically, and the resultant
product ratio would depend on the point of equilibrium.

It should

be noted that the second and third possibilities cannot be dis

tinguished by an analysis of product ratios.
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There are countless problems with attempting to identify

the phosphacylium ion.

Foremost, is finding a system in which

the ion is stable for long enough periods of time to be detected.
Up to this time, a number of attempts have been made to detect

the ion, with varied results.

The fact that acylium ions are formed through a

10

dissociative mechanism makes it highly probabl e that phosphacyl ium

ions shoul d al so be capab l e of being generated via a simi l ar mech

anism, or unimol ecul ar heterobond cl eavage.

Figure 14
Several attempts have been reported which might invo l ve
a dissociative mechanism. 7'8 Haake et al . have reported evidence

for the participation of phosphacy l ium ions in the solvolysis
of phosphinamides and phosphinyl chl orides . 9, lO, ll The con

version of I to II is quite simi l ar to the formation of an acy l ium
R

0

R-P-X
R'
If

)

R

'/

I

P=O

+

X

II

Figure 15
ion from the loss of a ha l ogen from an acyl halide .

Evidence for

the existence of phosphacylium ions is based entirely on kinetic
data .

Freezing point depression studies have disproved their

existance .

11
Reimschussel and Paneth have suggested a dissociative

mechanism in the rearrangement of bis(.5,5-dimethyl-2-oxo-1, 3, 2dioxaphosphorinanyl) sulfoxide. 12

>Co�

?i<o)(

)P-S-P

0

0

>
Figure 16

Their results are also based on kinetic data only.

Up to this point, all studies regarding phosphacylium

ions were based entirely on physical and kinetic results.

In a

unique study Michalski et al. attempted by stereochemical means

to determine if phosphacylium ions exist as intermediates.

Michalski's work appears to be the only reported study based on
stereochem1s
. try. 13

Michalski investigated the synthesis and stereochemistry

of mixed phosphorus-sulfonic anhydrides.

The system was ideally

suited to the study as leaving group characteristics along with
steric and electronic effects should promote a dissociative

mechanism.

Hydrolysis of the optically active mixed phosphorus

sulfonic anhydride yielded 100% inversion of the original
configuration.

12

s

"'
·o
II
•p

HO.

t-Bu

C H
6 5

ao 20 = + 21.1 °
Figure 17
This would indicate that the transition state in the hydrolysis

is not a phosphacylium ion.

It would point to a pentacoordinate

phosphorus intermediate with the leaving group and attacking

nucleophile concurrently attached to the central phosphorus atom.
No similar study leading to an acylium ion of the type

(R0)2 i=o has been reported.

Additional charge delocalization via

the alkoxy groups would tend to render it more stable than the
(R)2 P=O type as investigated by Michalski.

The possibilities of the phosphacylium ion existing have

been strengthened by Westheimer and his associates.

Their work

was directed at the synthesis and identification of a metaphos
phate like" ion, (OPo/-), formed via a dissociative mechanism.
11

13

The possibility of a dissociative mechanism has been enhanced by

recent reports describing a unimolecular breakage of a phosphorus

oxygen bond.

Specifically, Westheimer reported formation of a monomeric

methyl meta-phosphate, generated by the dissociation of a S-bromo
phosphonate.

The fragmentation

�

C6 H5-CBr = CHCH 3 +
CH 30P02- + Br-

Figure 18
was first discovered by Conant and his collaborators in the 1920 1 s
and rediscovered by Maynard and Swan in 1 96 3. 1 4 The fragmenta

tion is stereospecific with the erthro isomer forming the trans
and the threo isomer forming the cis. 1 5, 16 (Fig. 19)

The reaction was carried out in various solvents at 70 ° C

in the presence of 2, 2, 6 , 6 ,-tetramethyl piperidine, a sterically

hindered base.

The base is needed for as the anion undergoes

cleavage, acid is generated which must be neutralized.

When the

solvent is N-methylaniline, aromatic substitution by the mano

meric methyl metaphosphate takes place in about one third of the
cases.

As the reaction mixture is diluted with solvents, the

yield of the aromatic substituted product decreases and that of
7

vv
Q

26

I
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)
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Figure 19
the phosphoramidate increases. 17
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Table 1
Aromatic substitution by monomeric methyl metaphosphate

Dilutent
9/1 , V/V

% Aromatic
Substitution

% Nitrogen
Addition

35

50

None

67

CDC1 3

29

Dioxane

3

85

<2

85

CD 3 CN

From the data, acetonitrile and dioxane appear to suppress

the electrophilic character of the intermediate to the point that
it will no longer undergo aromatic substitution.

The monomeric

lone electron pairs of dioxane and acetonitrile.

Both are good

methyl metaphosphate acts as an electrophile and reacts with the
Lewis bases and help prove the existence of the metaphosphate.
A second procedure for trapping the metaphosphate ion

has recently been reported.

Monomeric methyl metaphosphate

affects the carbonyl group of a ketone such as acetophenone to

pro�uce a ketophosphate.

The initially formed ketophosphate,

Figure 21, tautomerizes to the more stable enol fonn.

Only in

the presence of pure acetophenone has the meta phosphate been
trapped.

With mixtures of aniline and acetophenone the product

is not the enol phosphate but a mixture of the Schiff base of

16

Figure 21
acetophenone and methyl dihydrogen phosphate.18

Figure 22
Ramirez et al . found an additional method for the forma

tion of a metaphosphate ion, the reaction of 2, 4-dinitrophenyl
phosphate with base.

-0�

N0

N02

1/

-

2

R
-P-OH + 2 Base
I
OH

Aprotic
Sol vent )

Figure 23

17

As in previous studies which _involved a metaphosphate, the ion was

not detected, but trapped with a nucleophile.

The nucleophile

in this case was a mixture of methanol and 2-methyl-2-propanol,

(tert-butyl alcohol).

The metaphosphate ion showed a preference

for methanol over the 2-methyl-2-propanol presumably for steric
reasons. 19

The processes involved in Westheimer's acetophenone study

and the 2, 4-dinitro-phenyl phosphate work of Ramirez, parallel in

a formal sense, the enzymatic formation of phosphoenol pyruvate
from pyruvate and ATP. 20 The enzymatic amidation of 5-phosphori

bosyl-N-formylglycinamide to yield 5-phosphoribosyl-N-formylgly
cinamidine, 21 and of uridine triphosphate to cytidine triphosphate,
22 are also of the type previously discussed, Figure 24, 25.
pyruvate
+ ATP------ CH2
kinase

P0
/O 2
+ ADP
C
=

=

"co 2

Figure 24
The mechanisms of these biochemical transformations are

not known in detail.

Rose and his co-workers have produced evi

dence that the formation of enolpyruvate occurs by way of the

enolization of pyruvate followed by phosphorylation of the enol. 20

18

ATP/Mg++
Gl utami ne

'

>

H
o�c/ N )
H/

HN

�NH

+ ADP +

Pi

Ribose-P
1

Figure 25
Likewise, the amidations may occur either by phosphorylation of the

carbonyl groups, followed by attack of ammonia, or alternatively
by attack of ammonia on the substrate to yield carbinolamine.
Carbinolamine is subsequently phosphorylated, Figure 26 .

Lieberman has presented evidence for the transfer of a
carbonyl oxygen atom to inorganic phosphate . 23 This is shown in

the reaction of inosinic acid with aspartate to yield adenylsuc

cinate, Figure 27 .

Several other biochemical processes resemble those pre

viously discussed .

Perhaps, ATP functions in these processes,

as well as others, to activate a carbonyl group via the transfer

of monomeric metaphosphate and thus serves in a kinetic as well as

thermodynamic capacity .

Even if the attack of monomeric meta

phosphate on the carbonyl oxygen provides the first step in the

reaction, one must consider whether ATP phosphorylates the car
bonyl group by direct attack or by prior dissociation to the

19
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monomeric metaphosphate.

Lowe and Sprat reported that in the absence of pyruvate,

pyruvate kinase acts to scramble the oxygen atoms attached to the
S-phosphorus atom of ATP.

The scrambling suggests (Fig. 28)

a monomeric metaphosphate mechanism, as loss of the metaphosphate
allows free rotation and scrambling of the S-phosphate oxygens. 24
With this evidence for the formation of a metaphosphate

0 o' 0
0 018
I 181
I
I ial
Ad-O-P-O-P-0-P-O ---- Ad-O-P-0-P-O +
8

� g,, g

8 8,a

0 0'8 0
I 181 181
=
P03 -�> Ad-0-P-O-PO-P-O

� M 8

Figure 28
via a dissociative mechanism, our theory regarding the existence

of the phosphacylium ion as a viable intermediate is qreatl.v en

hanced .

Although a monomeric metaphosphate, with increased stabili

zation via its negative charges should render itself more stable
than the dialkoxy phosphacylium ion, the existance of the latter

ion cannot be discounted.

Proof of the existance of a dialkoxy

phosphacylium ion as an intermediate should have great implications

with respect to the possibility of a monomeric metaphosphate inter

mediate.

21

SYNTHESIS AND DISCUSSION
The problem encountered when attempting to study the

phosphacylium ion is finding a suitable system for preparing and

stabilizing the ion.

Though molecules have been prepared for

years in hopes of gathering some evidence for the ion, one type

is most ideally suited to the study.

This molecule is one in

which the configuration about the central phosphorus atom can be
determined.

If nucleophilic substitution is carried out on a

known isomer and the product configuration is determined, the
relative stereospecificity or non-stereospecificity of the
reaction can be studied.

If we can ascertain the net stereospecificity of a given

reaction we can make a judgement regarding the intermediates
of the reaction.

When a molecule of known configuration under

goes stereospecific nucleophilic substitution, the intermediate
must be one in which only the stereospecific product may be

obtained.

If a mixture of-products is obtained the reaction

must proceed via an intermediate in which either product may be

formed.

The system used was the 2-substituted-5-chloromethyl-5-

methyl-2-oxo-1 , 3, 2-dioxaphosphorinan system, which can have one

of two possible configurations.

The geometry of the molecules

can easily be detennined by investigating the proton NMR chemical
shift values of the 5-methyl hydrogens. 25 The initial substituted

22
compound was the cis-2-chloro phosphorinan or chloridate.

This

compound was prepared by treating methyl bicyclic phosphite with

sulfuryl chloride in an Arbuzov type reaction.

Figure 29
Arbuzov reactions are characterized by the reaction of

a trialkyl phosphite with an alkyl halide to form a dialkyl
phosphate. 26 In this case the reaction produces only the cis

chloridate.

The cis configuration has the 5-chloromethyl group

and the phosphoryl oxygen on the same side of the ring.

In the

case of the trans the groups would be on opposite sides of the

phosphorinan

Cl
/JP=O

�7

cis-chloridate

ClCH0
CH 3
Figure 30

O

trans-chloridate

23

Only the cis isomer is formed due to direct SN2 nucleo
philic substitution and is a consequence of the Arbuzov reaction.
ring.

The treatment of cis-chloridate with certain nucleophiles

yields both cis and trans products.

Nu

)

cis
+

trans
Figure

31

These isomers are fanned in different ratios depending on the
nature of the solvent, 25 added salts present, 27, 28 and the
basicity of the nucleophile, 25 (Tables 2, 3 and 4) .

Several reports as to factors which give rise to either

retention or inversion of configuration about phos phorus have
been published. 27, 29, 3o We found that backbonding between the
attacking nucleophile and phosphorus is very important .

Electron

24
Table 2
Treatment of chloddate with nucleophiles in different solvents
Nucleophile

NaOC6H5

Products In
CH 3 CN
% ci s
% trans

NaOC 6 H40CH 3

NaOC6 H4N02

48

57
6

52

43

94

Products I n
C 6H 6
% cis
% trans
85

15

88

12

40

60

Table 3
Effect of added salts on inversion/retention ratios in the
addition of sodium p-methylphenoxide to cnloridate
Solvent
CHlN

CHlN + sat. NaCl

CH 3 CN + l eq. (CH 3)4NCl
CH 3 CN + l eq. LiCl04
0
HCN(CH 3)2

Q·

HCN(CH 3)2 + l eq. (CH 3 )4NCl

HCN(CH 3) 2 + 1 eq. Li Cl o4

% trans
(Inversion)

% cis
(Retention)

55. 8

44. 2

88. 8

11. 2

65. 8

34. 2

12. 2

87. 8

95. 2

4. 8

80. 2
47. 4

19. 8

52. 6
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Table 4
Phenyl esters obtained from chloridate and R-phenoxide ion. a

% Retention
7
57
50

48

36
6

R

% Inversion

OC 6 H4 0CH3

43

SC 6 H5

93

OC 6 H4 CH3

50

OC 6 H 4Br

64

OC6 H5

OC 6 H4N02

a Reactions were carried out in CH CN .
3

52

94

withdrawing ligands increase the positive character of the

phosphorus atom, leading to a higher percentage of retention

products, through more efficient backbonding with the nucleophile.
Inversion is increased with ligands of poorer backbonding quality

and leaving groups weakly bonded to phosphorus .

This research concentrated upon alcohols or their

anions as nucleophiles toward the phosphorinan system .

It was
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found that alkoxide ions substitute in all cases by retention
of configuration.

Because of the non-bonding pair of electrons

on oxygen, the backbonding with phosphorus is efficient.

This

gives only the retention product as electronic repulsion prevents

attack from the face opposite the leaving group.

0

RO • • • P
II

_<f

R'O

"Lv

+

Nu

--) Retention

Figure 32
Inversion of configuration is possible with weakly basic

or neutral nucleophiles in which case backside approach is not

hindered by charge repulsion.
0

RO • • • P

J

R'O

II

"Lv

+

Nu

This is direct SN2 displacement.
0
II
Nu ----P----Lv

RO

...

-->

Inversion

R'O

�

Figure 33
Methanolysis or substitution by methyl alcohol was the

first reaction performed on chloridate. . Under neutral conditions,

-
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methanolysis proceeds with 100% inversion of configuration while
under basic conditions 100% retention is observed.

Thus, we have

an ideal method for preparing the pure methyl esters.

Inversion is also enhanced by good leaving groups such

as those weakly bonded to phosphorus.

As the phosphorus-leaving

group bond is weakened the chances of a dissociative mechanism

increase.

That is, the leaving group totally or nearly totally

dissociates from phosphorus prior to attack by the neutral

nucleophile.

In this case the reactions should lose their

stereospecificity and give evidence for a phosphacylium ion or
"phosphacylium like" ion as an intennediate.

It would appear we have a system by which we can obtain

evidence for a phosphacylium ion provided the proper leaving

group is employed and it dissociates prior to nucleophilic attack.
Addition of an electrophilic catalyst which can complex with the

leaving group and subsequently weaken the phosphorus-leaving
group bond should enhance the departure of the leaving group

and thus the dissociative mechanism.

Methanolysis of the chloridate requires days for comple

tion under normal conditions, but in the presence of an electro

philic catalyst the rate is increased drastically.

Although

the phosphorus-chlorine bond is weakened by the addition of an

electrophilic catalyst there is no stereochemical evidence for a
dissociative mechanism.

Treatment of 2-chloro-phosphorinan with anhydrous
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aluminum chloride in ether gave a product which reacted with water

to give back the starting material.

No measurable isomerization

took place, evidence that there was no significant cleavage of the

phosphorus-chlorine bond.

Metal ions have been discovered to have significant
effects on the methanolysis of phosphate esters. 31, 32 Phosphate

esters do not undergo methanolysis in the absence of a metal

catalyst, but in their presence methanolysis occurs quite fast.

We can speculate as to the effects of these electrophilic

catalysts on methanolysis.

Complexation of the leaving group

with metal ions must lower the electron density around phosphorus,

causing it to be more subject to attack.

Retention in the absence of metal cations requires basic

conditions and methanolysis is non-occuring under neutral condi

tions .

In the presence of a metal catalyst, attack in a neutral

solvent must, due to the increased electrophilicity of the phos

phorus atom, occur at all possible faces of the tetrahedral
phosphate, 3 2 the exception being when electronic effects mask
the face directly opposite the leaving group .

As the phosphorus

leaving group bond is weakened, attack opposite the leaving group
now becomes a distinct possibility.

Electrophilic catalysts in the form of metal cations

give quite varied results upon methanolysis of phosphorinan

esters .

31

29
T a ble 5
Effects of ca tions on ba se cat a lyzed metha nolysis of phosphori
na n esters
R

OC6 H4 N02
OC6 H4 N02
OC6 H4 No2

OC6H4 N02
OC 6 H4 N02

OC6 H40CH 3
OC6 H40CH 3
a

Ca t a lysta

CH 3 COON a

tl/2(hr. )
97

Hg(C2H302)2
. Mg( C2H 302)2·4H20
Zn(C2H 302)2·3H20
Pb(C2H 302)2 • 3H20
Mg(C2H 302)2•4H20
3H 0
Pb(C2 H 302)2· 2

190

31

7

1. 25
38

3. 4

Ret. (%}

Inv. (%)

73

27

42

58

100
70
12

52
13

0

30

88

48
87

Re a ctions O. lM ester a nd c a ta lyst.

Due to their fa vora ble solubility in methanol, acetate salts

were used.

Methanolysis c a talyzed by sodium aceta te is slow

retention.

Lead acetate h a s the most dr a matic affect on rates

compa red to other c a t a lysts a nd the reaction proceeds by 100%
a nd

fa vors an inversion path.

It is a ssumed that lead a cet a te

in methanol is more a cidic th a n the other metal a cet a te meth a nolic
solutions.
volysis.

The rea son appears to be

a

matter of degree of sol

Zinc a cetate is highly solvated and thus, its ability

to act as a Lewis a cid is greatly retarded.

Mercuric acetate

although not solva ted by methanol is ineffective as a Lewis acid.
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Lead acetate appears to be the perfect choice as it lies some

where between the two extremes.

A problem arises in attempting to prove that the phos

phacylium ion is formed as an intermediate in lead acetate catal
yzed methanolysis.
expect.

We need to know what product isomer ratios to

The previous reaction dealt with the trans starting iso

mer only, where as the product ratios from the cis isomer were

not considered.

One could speculate that if a dissociati�e

mechanism producing the phosphacylium ion occured, identical

product ratios from both the cis and trans starting isomers

would be obtained.

These identical product ratios should be the

result of a common intermediate.

Now we have a hypothesis from which we can investigate

the phosphorinan system for its possible dissociation to a
phosphacylium ion intermediate.

The first phosphorinan deriva

tives investigated were the cis and trans isomers of 2-p-nitro

phenoxy phosphorinan.

The cis isomer was prepared from the trans

by isomerizing the latter in the presence of sodium p-nitrophen

oxide (Fig. 34}.

At equilibrium the cis isomer predominates
25
The cis isomer which can be
over the trans by about 2. 5 to 1 .

purified by simple fractional recrystallization, is the thermo
dynamically more stable isomer.

In the interest of a better leaving group than the p

nitrophenoxy group, the 2, 4-dinitrophenoxy group seemed the

obvious choice.

This is due to its two nitro groups which can
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cis

trans
Figure 34

more effectively compl ex with the el ectrophil ic l ead acetate

catal yst.

The cis and trans isomers of 2, 4-dinitrophenoxy

phosphorinan were prepared by addition of sodium 2, 4-dinitro

phenoxide to chl oridate.

As assumed from previous work,

Figure 35
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the weakly basic nucleophile g a ve initi a lly the trans or inver

sion product.

The longer the reaction mixture was allowed to

stand, the gre ater the amount of the cis, or thennodynamically

controlled product wa s obtained.

Table 6
Ratio of cis and trans 2,4-dinitrophenoxy phosphorinan obtained
at different reaction times

time a (hr. )

trans(inv. ), %

cis (ret. ), %

1. 5

93

7

96

0. 5

73

2. 5

6

72.0

a Run 1 n CH CN at room temperature.
3

4

27

94

The isomers of the 2, 4-dinitrophenoxy phosphorinan

system were very difficult to separate by simple recrystalliza
tion.

Because of this we were forced to use mixtures enriched

in each isomer.

The reaction was stopped at 0. 5 hr. to give

96% trans and 4% cis, while at final equilibrium (72 hr. ), the
products were 6% trans and 94% cis.

Further studies on the p-nitro and 2, 4-dinitro systems

were carried out using 2-propyl and tert-butyl alcohol in the

place of methanol.

Due to the reduced nucleophilic properties
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of 2-propanol and tert-butanol no direct substitution on phos

phorus was observed.

In an attempt to find a more direct method for generating

the phosphacylium ion from the phosphorinan system we investi

gated 2-amino phosphorinan.

Diazatilization of amides in aqueous

solutions normally leads to acids, whereas in alcoholic solvents,
esters are the final product. 33 It cannot be determined if

acylium ions are intermediates in such reactions, due to lack of
chirality of the starting molecules.

The phosphoramidate used in our study was prepared by

passing gaseous ammonia through a saturated benzene solution of
chloridate.

Figure 36
Due to a lack of backhanding between the nucleophile and phos

phorus, inversion takes place exclusively .

The amino group has

a greater tendancy to assume an equitorial position than the
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p hosphoryl oxygen .

Th is is in con t r as t to al l p rev io us l y stu died

p hosphorin an esters where t he p hosp horyl oxygen al ways assumes
an e q u ito r i a l an d not ax i al pos i t ion .
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RESULTS
In attempts to understand the mechanisms, nucleophilic

substitution at phosphorus has been the subject of many prior
studies.

Through a better understanding of the mechanisms, we

may gain insight as to the intermediates involved.

Specifically,

we mig ht be able to identify a phosphacylium ion as a viable

intermediate.

The identification of phosphacylium ions as inter

mediates requires the determination of the net stereospecificity
of nucleophilic substitution reactions.

Using isomers of known

configuration as starting materials and finding the configurations
of the products, judgements regarding the intermediates and net

stereospecificity can be made.

Similar isomer product ratios

starting with either cis or trans isomers should be obtained if

we are to assume a phosphacylium ion as a common intermediate.

Phosphacylium ions can only be formed via dissociative

mechanisms.

Nucleophilic substitution can undergo such a dis

sociative mechanism provided the conditions are ideal.

The

leaving group must be dissociated or nearly dissociated from

phosphorus prior to attack by the nucleophile if we are to have
a phosphacylium ion.

In such cases the phosphorus cation or

phosphacylium ion attains planarity and allows nucleophilic

attack from either side of the phosphorinan ring.

This results

in an isomer product ratio dependent solely upon the steric
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effects encountered by the attacking nucleophile.

In the methanolysis of p-nitrophenyl phosphorinan using

lead acetate as the catalyst , opposite product ratios were ob

tained from the pure cis and trans starting isomers .

The pure

cis gave a ratio of methyl esters in which the trans or inver

sion product predominated 80% to 20% .

The pure trans isomer

gave an opposite isomer ratio of products as the cis or inversion

product was predominate 88% to 12%.

It is apparent that the

80% trans

20% cis
12% trans
Figure 37

88% c i s
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ca ta lyst is effective in we a kening the phosphorus-liga nd bond,

but due to the isomer ratio observed,

seems unlikely .

a

dissociative mech a nism

M a ss spec dat a does show a pea k a t m/e 183,

corresponding to the mass of the phospha cylium ion, Appendix,
Spectrum 1.

Next, the 2, 4-dinitrophenyl phosphorina n system, with

its two nitro groups on the a romatic rf og, wa s used in a n a ttempt
to find a leaving group that could better complex to the le a d
a cet a te

groups.

c a talyst.

The catalyst must complex through the nitro

Methanolysis of the 2, 4-dinitrophenyl phosphorinan

compound in the presence of le a d a cet a te ga ve isomer ratios

quite different from that of the p-nitro system.
Table 7

Metha nolysis of 2, 4-dinitrophenyl phosphorina n ca ta lyzed by

le a d a cet a te

Reactant Mixture a

Cis (% )

Tr a ns (%)

27% cis, 73% tr a ns

37. 0

63. 0

94% cis, 6% tr a ns
7% cis, 93% tr a ns
a

34. 6
34. 0

Solution O. lM in react a nt and O. lM in ca ta lyst .

65. 4

66. 0

I n contr a st to the other systems studied, meth a nolysis
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of the 2,4-dinitrophenyl phosphorinan system with an electro

philic catalyst gives nearly identical isomer product ratios of
the cis and trans methyl esters, regardless of the starting

isomer.

Thus we have strong evidence that both isomers are

undergoing methanolysis via a connnon intermediate.

This common

intermediate could be a phosphacylium ion or at least a "phos

phacylium like " ion, in which the leaving group has essentially

separated from phosphorus before appreciable bonding takes
place.

From this co11111on isomer rutio, it is impossible to

determine whether the ratio is the result of methanol reacting

with an ion of specific conformation or whether the ion equili
brates between the two conformations.

Figure 38
Since the trans isomer predominates the configuration on the

left, would, assuming the solvent prefers to attack from a less

hindered side, be the more stable of the two.

In this case the

chloromethyl group, whi ch is less bulky than the methyl group,
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maintains an equatorial position.

Regardless, if the ion has

a specific single conformation or consists of an equilibrium
mixture, it is mandatory that the ion can attain planarity.

The phosphorus and three oxygen atoms can co-exist in a single

plane.

Attempts to substitute at phosphorus with alcohols other

than methanol were of little success.

It would appear that 2-

propanol and 2-methyl-2-propanol lack nucleophile character

to the extent that the reaction does not proceed.

Steric

effects, due to the alcohols spatial requirements may be a
factor.

Mass spec data, interestingly, shows a peak for the

phosphacylium ion at m/e 1 83.

The spectrum does, however, lack

a molecular ion peak indicating that a nitro group is lost before

the ion fragments .

This accounts for the fact that the phos

phacylium ion peak intensities are equal for both the p-nitro
and 2, 4-dinitro systems, Appendix, Spectrum 2.

Lastly, diazatization of the trans phosphoramidate was

accomplished by treating a methanolic solution of the 2-amino
phosphorinan with sodium nitrate and gaseous HCl.

Subsequent

loss of nitrogen gas gave a mixture of methyl esters in which

the cis predominates, Figure 39, Spectrum 1 6.
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Na N0 2
HCl

✓-Cl-N

?

/

O
2 x= ' p + = O
I
O
CH

Cl CH

/

3

ci s

trans
Fi gure 39

The phosphor i nan aci d was produced as a by-product due to the

formati on of water.

S i nce the amount of the ci s methyl ester

was l arge , decomposi t i on of the i ntermed i ate d i azon i um sal t

must proceed pri mari l y by d i rect d i spl acement.

The fact that

the trans methyl ester was produced at al l i s evi dence i n part
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for a dissociative mechanism and "phosphacylium ion like" inter

mediate.

I nterestingly, and in accordance with evidence for

the phosphacylium ion, the amount of trans product increased from
22% when the reaction was carried out in pure methanol to 36%

in a 50 : 50, methanol:acetonitrile mixture.

The latter solvent

system has the greater polarity and would be expected to better

support fonnation of a positive ion species or phosphacylium ion
by dissociation.

42
CONCLUSIONS
From the evidence obtained it appears that nucleophilic

substitution at phosphorus may indeed proceed via a dissociative
mechanism which requires a phosphacylium ion intermediate .

Specifically, in the case of the 2,4-dinitrophenyl phosphorinan

system, a dissociative mechanism is operative as lead acetate
catalyzed methanolysis gives nearly identical product isomer

ratios regardless of the starting isomer .

Our results strongly

support the possibility of a phosphacylium ion as a planar inter

mediate in nucleophile substitution reactions .

These results are significant in that the systems studied

closely resemble those of biological importance.

We have shown

that dissociative mechanisms are possible and there is evidence

to conclude that our system closely mimics those found in nature.
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EXPERIMENTAL
Proton Nuclear Magnetic Resonance (H-NMR ) spectra were

obtained on a Perkin Elmer R 128 spectrophotometer at 60 MHz.

Tetramethyl silane (TMS ) in deuterated chloroform was used as
an internal standard.

Cis and trans ratios were determined by

peak integration of the 5-methyl hydrogens.

All melting points

are in degrees centigrade and are uncorrected.

Values were

detennined on a Thomas Hoover capillary melting point apparatus.

Elemental analyses were performed by Galbraith Laboratories, Inc. ,
Knoxville, Tennessee .

Mass spectrometry analyses were performed

by the Upjohn Company, Kalamazoo, Michigan.

All reactions,

unless otherwise indicated, were studied at room temperature.
Methyl bicyclic phosphite :

A mixture of 60. 0 g (0. 50 mol) 1, 1, l-trihydroxy methyl

ethane and 62 . 0 g (0. 50 mol ) trimethyl phosphite in 100 ml

toluene was slowly distilled for 24 hr. until methanol formation
was complete .

The temperature of the reaction mixture never

climbed above 1 20 ° .
reduced pressure.

Toluene was stripped from the product under

The white crystalline product was distilled

under 1 mm pressure and collected over an ice bath.
necessary to purify the product further.

It was not

Cis-2-chloro -5-chloromethyl-5-methyl-2-oxo- 1, 3 , 2-dioxa

phosphorinan, (chloridate ):

A solution of methyl bicyclic phosphite in 1 00 ml carbon
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tetrachloride was added dropwise, with ice-bath cooling and

stirring, to a solution of sulfuryl chloride, 67. 5 g (0. 50 mol} ,

dissolved in 100 ml of carbon tetrachloride.

After the exothennic

addition the solution was stirred for 1 hr. and stripped under

reduced pressure.

The liquid residue which crystallized upon

standing was recrystallized from carbon tetrachloride, to give a
white crystalline solid product, mp 69-71 ° .
attempt was made to maximize the yield.

Although high, no

Sodium p-nitrophenoxide and sodium 2, 4-dinitrophenoxide :

The sodium salts of the phenols were made by adding

1. 39 g (0. 01 mol) p-nitro phenol and 1. 84 g (0 . 01 mol ) 2, 4-dinitro

phenol respectively to a saturated solution of NaOH.

The water

was stripped under reduced pressure and the products were re
crystallized from acetonitrile.

tained.

A pale yellow powder was ob

2-p-nitrophenoxy-5-chloromethyl-5-methyl-2-oxo-1, 3, 2

dioxaphosphorinan:

Chloridate, 8. 72 g (0. 04 mol) and sodium p-nitro

phenoxide, 6. 44 g (0. 04 mol) were added to 50 ml of acetonitrile.

The mixture was stirred overnight at room temperature and filtered.

The filtrate was stripped of solvent under reduced pressure to

give a viscous residue which crystallized upon standing .

The

product was recrystallized from carbon tetrachloride to give
10. 0 g (78% yield) of crystalline product, mp 106-107 ° .

The

NMR spectrum showed predominately one isomer, that with the
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chloromethyl group equatorial.
9. 65.

Anal. Calcd for c 2 2 H 2 3 ClN0 6P: C, 41. 1 2 ; H, 4. 05 ; P,
Found : C, 40. 96 ; H, 4. 2 1 ; P, 9. 47.

The nearly pure trans isomer was equilibrated by adding

the above product, 1. 61 g (0. 005 mol } and sodium .e_-nitrophenoxide,
0. 81 g (0. 005 mol ) to 5 ml DMF.

The solution was stirred at

room temperature for 2 hr. and diluted with a large excess of
water.

The solution was filtered and the product was recrystall

ized to give 1. 45 g (90% yield) of product.

Methanolysis of 2 -p-nitrophenoxy-5-chloromethyl-5-methyl-

2-oxo-1, 3, 2-dioxaphosphorinan catalyzed by lead acetate :

To 10 ml of a methanolic solution of lead acetate, O. lM

P b(C 2 H 3o 2) 2 • 3H 20, was added trans- 2 -p-nitrophenoxy-5-chloro

methyl-5-methyl- 2 -oxo-1, 3, 2 -dioxaphosphorinan, 0. 3 2 g (0. 001 mol).
The mixture was stirred at room temperature for 2 4 hr.

Water,

50 ml was added and the aqueous solutions extracted with two 2 0 ml
portions of methylene chloride.

The combined extracts were

washed with O. lM aqueous KOH, 50 ml, and dried over magnesium

sulfate.

The mixture was filtered and the solvent stripped under

reduced pressure to give a crystalline solid.

The NMR spectrum

of the solid showed the presence of a ring opened product,

Figure 40, the cis methyl esters (58% ) and the trans methyl

esters (9% }.

On the basis of the methyl esters alone, 87% cis

and 13% trans were the products .

o reactant remained.

Ring opening is a result of lead acetate catalyzed
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33%
Figure 40
methanolysis of the methyl esters. 32 The amount of product

which resulted from ring opening varied with the reaction time,
100% after 121 hr. and less than 5% after 4 hr.

Under the same conditions, the cis-p-nitrophenyl ester

gave, after the reacti on mixture had been stirred for 24 hr . at
40 ° , the ring opened product 70%, and the methyl esters, (80%

trans, 20% cis).

A slightly elevated temperature was needed

due to the limited solubility of the reactant in methanol.

Cis and trans 2-(2,4-dinitrophenoxy)-5-chloromethyl-5-

methyl-2-oxo-l, 3,2-dioxaphosphorinan:

To 30 ml of acetonitrile was added 2-chloro-5-chloromethyl-

5-methyl-2-oxo-1, 3, 2-dioxaphosphorinan, 4. 36 g (0. 02 mol } , and
sodium 2, 4-dinitrophenoxide, 4. 12 g (0. 02 mol).

The mixture was

stirred for 1/2 hr . at room temperature and swamped with 200 ml
water.

After standing overnight the solution was suction filtered

and the precipitate washed with water and dried over acetone

under reduced pressure.

The product was dissolved in 25 ml of

methylene chloride and the organic layer washed with aqueous
O . lM KOH.

The organic layer was dried over anhydrous magnesium
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sulfate, filtered, and solvent stri pped under reduced pressure.

The solid residue was recrystall i zed from carbon tetrachloride.
As detennined from its NMR spectrum, the product contained 96%

of the trans isomer and 4% of the cis.

No attempt was made to

maximize the yield which increased as the reaction time was

increased.· Thermodynamic control became more influenced with

reaction time such that after two days the product contained
only 6% of the trans isomer and 94% of the more stable cis,

Table 6.

Anal. Calcd for

7. 65 ; Cl, 9. 56.

Found:

c 11 H 12 ClN208P:

C, 36. 06 ; H, 3. 27 ; N,

C, 36. 00 ; H, 3. 25 ; N, 7. 53, Cl, 9. 89.

Methanolysis of cis and trans 2-(2,4-dinitrophenoxy)-

5-chloromethyl-5-methyl-2-oxo-l, 3, 2-dioxaphosphorinan catalyzed
by lead acetate:

To 10 ml of a methanolic solution of lead acetate, O. lM

Pb(C2 H 302)2·3H20, was added 93% trans, 7% cis-2-(2,4-dinitro
phenoxy)-5-chloromethyl-5-methyl-2-oxo-l, 3,2-dioxaphosphorinan,
0. 366 g (0. 001 mol}.

The solution was stirred at room tempera

ture for 2 hr. during which time a heavy yellow precipitate
was formed.

The mixture was filtered and the precipitate washed

with methylene chloride, 20 ml.

The combined filtrates were

washed with water followed by 0 . lM aqueous KOH.

The organic

layer was dried over magnesium sulfate, filtered and the solvent
was stripped under reduced pressure, 50 ° at 30

ITJTI .

The NMR of

the residue indicated the reaction 92% compl ete and the methyl
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esters present as a mixture of isomers, 66% trans and 34% cis.

What is most important, the isomer ratios did not vary,

except within a few percent, regardless of the configuration of
the starting material .

Precipitation of the 2, 4-dinitrophenoxide

ion as its lead salt, prevented concurrent isomerization of the

starting material by the ion and also ring opening.

2-amino-5-chloromethyl-5-methyl-2-oxo-1, 3, 2-dioxaphos

phorinan:

To 50 ml of benzene was added 5. 0 g (0. 023 mol), 2-chloro-

5-chloromethyl-5-methyl-2-oxo-1, 3, 2-dioxaphosphorinan.

The

solution was filtered to remove any previously hydrolyzed starting
material in the form of insoluble acids.

The solution was stirred

in an ice bath while dry NH3 gas was bubbled through . The amide
irrmediately precipitates out in the form of a white solid. Upon

completion of the precipitation the benzene was stripped under
reduced pressure.

The crude product was recrystallized from

water to give 2. 86 g (69. 1% yield) of the white crystalline solid.
Anal. Calcd for C5 H 11 c1N03P: C, 30. 15 ; H, 5 . 53 ; N, 7. 04.
Found: C, 29. 96 ; H, 5. 57 ; N, 6. 96.
Diazotization of 2-amino-5-chloromethyl-5-methyl-2-oxo-

1, 3, 2-dioxaphosphorinan:

To 25 ml of methanol was added 0. 199 g (0 . 001 mol) of

2- amino-5-chloromethyl-5-methyl-2-oxo-1, 3, 2-dioxaphosphorinan and
0. 69 g (0. 01 mol ) of sodium nitrite.

The solution was chilled

in an ice bath and dry HCl gas passed through the mixture for
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The mixture was allowed to stand overnight at room

15 min.

temperature, filtered and the filtrate stripped of solvent under

reduced pressure (30 mm, 60 ° ).

The NMR spectrum of the crude

product gave peaks for both cis and trans methyl esters and the
acid, 2-hydroxy-5-chloromethyl-5-methyl-2-oxo-1, 3, 2-dioxaphos
phorinan.

The product was dissolved in 50 ml of methylene

chloride and the solution washed with dilute aqueous KOH.

The

organic layer was dried over magnesium sulfate, filtered, and

the solvent stripped under reduced pressure.

The NMR spectrum

of the product gave peaks corresponding to the two methyl esters
only, 78% cis (inversion) and 22% trans (retention).

The procedure was repeated with the exception that a

50:50 (by volume) mixture of acetonitrile to methanol was used

in place of methanol alone.

The NMR spectrum of the final

product again showed the presence of both methyl esters i somers,
64% cis and 36% trans.

APP ENDIX
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NMR spectrum o f c i s -2-chl oro-5 -chl oromethyl -5 -methyl -2 -oxo -1 , 3 , 2 -d i oxap hosphori nan
in chl oroform-d wi th TMS as i nterna l standa rd .
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NMR spectrum o f ci s -2-( p -n i trophenoxy ) -5-c hl oromethyl -5 -methyl -2-oxo-1 , 3 , 2 -di oxa
phos phori nan in c hl oroform -d wi th TMS as i n terna l standa rd.
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NMR spectrum o f l ead acetate catal yzed methanolys i s of c i s -2- ( p- n i trophenoxy ) - 5chl oromethyl -5-methyl -2-oxo- l , 3 , 2-d i oxaphosphori nan i n chl oroform-d wi th TMS a s
i nterna l standard .
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Spectrum 6 . NMR spectrum o f lead acetate ca talyzed methanolysi s o f tran s - 2 - (p- n i trophenoxy)
- 5-chloromethyl-5-methyl-2-oxo- 1 , 3, 2-di oxaphosphori nan i n c hloroform-d wi th TMS
as i n ternal s tandard .
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NMR spectrum of 7 : 93 , c i s : trans-2-( 2 , 4-di n i trophenoxy ) -5 -chl o romethyl -5-methyl -2oxo-l , 3 , 2 -di oxaphosphori nan in c hl oroform-d wi th TMS a� i nternal s tanda rd.
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Spectrum 8. NMR spectrum of 27 : 73, cis : tran s -2- ( 2, 3-dinitrophenoxy ) - 5-chloromethyl-5-methyl2-oxo-l, 3, 2-dioxaphosphorinan in c hloroform-d with TMS a s internal s tanda rd .
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Spectrum 9 . N MR spectrum of 94 : 6 , cis : trans-2- ( 2 , 4-dinitrophenoxy ) -5 -chl oromethyl - 5-methyl 2-oxo- l , 3 , 2-dioxaphosphorinan in ch l oroform-d with TMS as interna l standa rd.

u,
�

6

5

4

3

2

1

O ppm

Spectrum 1 0 . NMR spectrum of l ead acetate catal yzed methano l ys i s of 7 : 93 , c i s : tra n s-2- ( 2 , 4d i n i trophenoxy ) -5-chl oromethyl - 5-methyl -2-oxo- l , 3 , 2-di oxaphosphori nan i n
chl oroform-d wi th TMS a s i nternal standard .
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NMR spectrum of l ead acetate cata l yzed methano l ys i s of 2 7 : 73 , c i s : tran s - 2 -( 2 , 4 di ni trophenoxy ) -5-chl o romethyl -5-methyl -2 -oxo- l , 3 , 2-di oxaphospho ri nan i n
c hl o rofo rm-d wi th TMS a s i nte rnal s tanda rd .
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NMR spectrum o f l ead acetate catal yzed methano l ys i s o f 6 : 94 , c i s : t ran s -2 -( 2 , 4 d i n i trophenoxy ) -5 -chl o romethyl -5 -methyl -2 -oxo -l , 3 , 2 -d i oxaphosphori nan i n
chl orofo rm-d wi th TMS a s i n ternal standard .
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Spectrum 1 3 . NMR spectra of trans- 2 -methoxy-5-chl oromethyl - 5-methyl - 2 -oxo- 1 , 3 , 2 -di oxaphos
phori nan in chl oroform-d wi th TMS a s i nternal standard .
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Spectrum 1 4 . NMR spectrum of ci s-2-methoxy-5-chl oromethyl - 5 -methyl - 2-oxo - 1 , 3 , 2-di oxap hos
phori nan in chl oroform-d wi th TMS as i nternal standard .
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Spectrum 1 5 .

N MR spectrum of trans-2-am i no -5-chl oromethyl - 5-methyl -2 -oxo - 1 , 3 , 2-di oxa phosphori nan
i n c hl oroform-d wi th T MS as i n terna l standa rd .
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NMR spectrum of l ead acetate cata l yzed met hanol ysis of t rans-2 -ami no-5-chl o ro
methyl -5 -methyl -2 -oxo -1 , 3 , 2 -d i oxaphosphori nan in chl o rofo rm-d wi t h TMS as
i n terna l standa rd .
O'I
O"',

67
L I TERATURE CI TED
1.
2.
3.
4.

5.

6.
7.
8.

9.

10.

J. Emsley and D. Hall, " The Chemistry of Phosphorus, 1 1 John
Wiley and Sons, New York, 1976, Chap. 2.

F. Ramirez, J.F. Marecek and S. Yemul, Tetrahedron Letters,
1982, 23, 1515.

H. P. Tretters and L. P. HaTIJTiett, �59, 1708.
M. S. Newman and N. C. Deno, �-

Am .

Am .

Chem. Soc. , 1973,

Chem. Soc. , 1951, 73, 3644.

N. C. Deno, H. G. Richey, Jr. , J. D. Hodge and M. J. Wisotsky,
Am. Chem. Soc. , 1962, 84, 1498.

i-

F. R. Jensen and G. Goldman, "Friedel-Crafts and Related
Reactions, 1 1 G. A. Olah, Ed. , Vol. 3, 1003.

A. J. Kirby and S.G. Warren, " The Organic Chemistry of Phos
phorus," Elsevier, Amsterdam, 1967, Chap. 10 ; I. Oney and
M. Caplow, i• Am. Chem. Soc. , 1967, 89, 6972.

I. Dostrovsky and M. Halman, J. Am . Chem. Soc. , 1956, 1004 ;
H. K. Hall and C. H. Lueck, i• Org-:-Chem. , 1963, 28,2818 ;
E. W. Crunden and R. F. Hudson, J. Am . Chem. Soc. , 1962, 359 1 ;
Chem. So�l965,
P. S. Traylor and F. H. Westheimer,J.
Am . --- 87, 553.
P. Haake and P. S. Ossip, Tetrahedron Letters, 1970, 4841.

P. Haake and P. S. Ossip ,

i-

Am. Chem. Soc. , 1971, 93, 6919.

11.

ibid. , 6924.

13.

J. Michalski, G. Radziejewski, Z. Skryzpczynski and W.
Dabbowski, I· Am. Chem. Soc. , 1980, 102, 7974.

12.

14.

W. Reimschussel and P. Paneth, Anal. Chem. �- Ser. ,
1982, 11, 49.

J. B. Conant and A. A. Cook, J. Am. Chem. Soc. , 1920, 42, 830 ;
J. B. Conant and S. M. Pollack, ibid�92T:-43,�5 ; J. B.
Conant and E. L. Erickson, ibid�924�, 1003 ; J. B. Conant
and B. B. Coyne, ibid. , 1922, 44, 2530 ; J. A. Maynard and J. M.
Swan, Aust. i• Chem. , 1963, 16, 596.

68
15.
16.
17.
18.

19.
• 20.
21.

22.
23.

G. L. Kenyon and F. H. Westheimer, J. Am . -Chem. Soc. , 1966,
88, 3557.
A. C. Satterthwait and F. H. Westheimer,
1978, 100, 3197.

I- Am .

Chem. Soc. ,

A. C. Satterthwait and F. H. Westheimer, "Phosphorus Chemistry
Directed Towards Biology, " Permagon Press, New York, 1980,
118.

ibid. , 119.

F. Ramirez, �. F. Marecek and S. Yemul, Tetrahedron Letters,
1982, 23, 1516.

I. A � Rose, J. Biol. Chem. , 1960, 235, 1170 ; J. L. Robinson,
and J. A. Rose, ibid. �72, 247, 1096 ; D. J. Kno and I. A.
Rose, i• Am. Chem. Soc. , 1978, 100, 6288.
J. Buchanon, Adv.

ii!. Enzym. ,

1973, 39, 91.

A. Levitzki and D. E. Koshland, Jr. , Biochem. , 1971, 10, 3365.

I � Lieberman,

i-

Biol. Chem. , 1956, 223, 327.

24.

G. Lowe and B. S. Sproat, Chem. Comm. , 1978, 783.

26.

A. L. Ternay, Jr. , " Contemporary Organic Chemistry,
Saunders Co. , Philadelphia, 1976, Chap. 23.

25.

W. S. Wadsworth, Jr. , S. Larson and H. L. Horton,
Chem. , 1973, 38, 256.

Org.

i11

W. B.

27.

W. S. Wadsworth, Jr. ,

29.

M. Bauman and W. S. Wadsworth, Jr. , -J. Am. -Chem. Soc. , -1976,
100, 6388.

28.

30.
31 .
32.

I-

.Q!:g_. Chem ; , 1973, 38, 2921.

W. S. Wadsworth, Jr. and R. L. Wilde,
1264.

S. H. Gehrke and W. S. Wadsworth, Jr. ,
45, 3921.

i-

I-

Org. Chem. , 1976, 41,

.Q!:g_. Chem. , 1980,

W. S. Wadsworth, Jr. , ACS Symposium Series, Phosphorus Chemi
stry, 1981, 171, 547.
W. G. Wadsworth and W . S. Wadsworth, Jr. , J.
1983, 1 05, 1631.

Am .

Chem. Soc. ,

69
33 .

R . T . Morri son an d R . N . Boyd , " Organ i c Chem i s t ry , " Al l yn a n d
Bacon , I nc . , B o s to n , 1 982 , Chap . 20 .

